Macrophage migration inhibitory factor (MIF) is a pleiotropic cytokine involved in delayed hypersensitivity and cellular immunity. MIF also acts as a proinflammatory cytokine and counterregulates the anti-inflammatory effects of glucocorticoids. Exogenous gene transfer mediated by adenovirus is useful to study a particular molecular function as well as to develop gene therapy strategies. A recombinant adenovirus containing sense and antisense murine MIF (mMIF) cDNA inserts was constructed using a cosmid-terminal protein complex method. The sense mMIF adenovirus (AxCA-mMIFS) efficiently induced mMIF in COS-7 cells that endogenously lack mMIF in a dose-dependent manner. In contrast, the antisense mMIF adenovirus (AxCA-mMIFAS) inhibited the expression of mMIF in NIH3T3 cells in a dose-dependent manner. To assess the pathophysiologic role of MIF in acute liver failure, we induced acute onset of liver damage in mice (male Jcl:ICR) by a combined treatment of Bacille Calmette-Guerin (BCG) and lipopolysaccharide (LPS). mMIF level in the liver of mice infected with AxCA-mMIFAS showed a significant reduction in MIF production in response to BCG-LPS compared with mice treated without viral infection and with AxCA-mMIFS. In addition, the immunohistochemical staining demonstrated that F4/80 antigen on macrophage was enhanced in liver infected with AxCA-mMIFS but reduced in liver infected with AxCA-mMIFAS. The staining intensity is correlated with the mMIF antigen level in liver tissue. The survival rate of mice infected with AxCA-mMIFAS was significantly higher than that of mice treated with PBS and infected with AxCA-LacZ in BCG-LPS. These results suggest that inhibition of MIF production, using recombinant adenovirus bearing the antisense MIF gene, reduced the mortality rate in BCG-LPS-induced liver failure in mice. This finding might aid in the further development of gene therapy targeting MIF. (Lab Invest 2003, 83:561-570).
A cute liver failure is an uncommon condition associated with a high mortality rate; it requires liver transplantation in more than 50% of cases (Ostapowicz and Lee, 2000) . The histopathologic studies in the liver reveal a prominent infiltration of lymphocytes with massive necrosis. Enhanced inflammatory reaction in response to various stimuli such as viral infection or drug toxicity has been implicated in the pathogenesis of liver failure (Bernal and Wendon, 1999) . In the pathology of hepatic damage and regeneration, various cytokines play an important role (Simpson, 1999) . Administration of a small dose of lipopolysaccharides (LPS) in mice pretreated with Bacille Calmette-Guerin (BCG) induces acute and massive hepatic necrosis (Shands and Senterfitt, 1981) . This acute liver failure model is associated with a 70% mortality within several hours of administrating LPS. Histologically, a marked infiltration of monocytes around necrotic lesions that is similar to those observed in acute liver failure in humans is evident (Ferluga, 1981; Ferluga and Allison, 1978; Mizoguchi et al, 1988) . Recent studies using this model have demonstrated that cytokines such as TNF-␣ (Tokushige et al, 2000; Tsutsui et al, 1997) , IL-1␤ (Fujioka et al, 1995; Liu et al, 1990) , and interferon-␥ (Okamura et al, 1996) may be involved in the pathogenesis of the development of acute liver failure.
Macrophage migration inhibitory factor (MIF) was the first lymphokine to be discovered (Bloom and Bennett, 1966) . Elevated expression of MIF is correlated with delayed hypersensitivity and cellular immunity in humans (David, 1966) . MIF genes of various species have been isolated and characterized (Mitchell et al, 1995; Paralkar and Wistow, 1994; Sakai et al, 1994; Weiser et al, 1989) . Recently, the molecular functions of MIF were reported (Bucala, 1996; Nishihira, 2000) . MIF is a pleiotropic cytokine released from the anterior pituitary gland during systemic inflammation and seems to play a central role in the toxic response to endotoxemia and possibly septic shock (Bernhagen et al, 1993; Calandra et al, 1995) . In endotoxemia, MIF acts as a proinflammatory cytokine and counterregulates the anti-inflammatory effects of glucocorticoids (Leech et al, 2000) . At present, it has been demonstrated that various cells or tissues, other than that of the immune system, express MIF (Abe et al, 2000; Arcuri et al, 1999; Nishihira et al, 1998; Wada et al, 1997) .
BCG up-regulates the expression of MIF mRNA in the liver. This increase can be enhanced by treatment with LPS after BCG priming (Kobayashi et al, 1999) . It is of note that the mortality rate after treatment with anti-MIF antibody is significantly diminished (Bernhagen et al, 1993) . However, the role of MIF as a proinflammatory agent is still under debate (Honma et al, 2000; Kleemann et al, 2000) . In this study, we constructed recombinant adenoviruses containing sense and antisense MIF cDNAs to determine whether the level of MIF influences the development of BCGprimed LPS-induced acute liver failure in mice.
Results

Construction of Recombinant Adenoviruses
The orientation of MIF cDNA inserted in the SwaI site of pAxCAwt was determined by PCR, and two cosmids were obtained (Fig. 1) . The recombinant adenoviruses AxCA-mMIFS and AxCA-mMIFAS contained forward and reverse inserts (Miyake et al, 1996) , respectively (Fig. 2) . MIF insert was amplified by PCR with the primer set 1 (mMIF-5' and mMIF-3') as described in "Materials and Methods." The length of the PCR products was 440 bp. Both adenoviruses were positive for the primer set 1. The insert was amplified with either the primer set 2 (AxCAwt-5' and mMIF-3') or set 3 (AxCAwt-5' and mMIF-5'). The length of these PCR products was 512 bp. AxCAmMIFS and pAxCA-mMIFS were positive with the primer set 2 and negative with the primer set 3. However, AxCA-mMIFAS and pAxCA-mMIFAS showed the opposite result (Fig. 3) . DNA sequences of PCR products were bidirectionally analyzed by a DNA sequence analyzer (ABI 310) (data not shown). The two recombinant adenovirus constructs were digested with XhoI and analyzed by electrophoresis. No extra bands derived from parent and/or mutated viruses were observed (data not shown).
Effect of AxCA-MIFS and AxCA-MIFAS on MIF Protein Levels
Our preliminary data showed that COS-7 cells did not produce mMIF, whereas NIH3T3 cells produced relatively high amounts of mMIF. Thus, we transfected COS-7 cells with AxCA-mMIFS and NIH3T3 cells with AxCA-mMIFS or AxCA-mMIFAS. MIF protein level in COS-7 cells transfected with AxCA-mMIFS increased in a dose-dependent manner (Fig. 4) . The protein level of MIF in NIH3T3 cells transfected with AxCA-mMIFAS decreased in a dose-dependent manner; accordingly, cells transfected with AxCA-mMIFS showed that the level of MIF increased (Fig. 5 ). There were no differences in the total cell counts or in the total cellular proteins in both groups (data not shown).
Effect of the AxCA-mMIFS and the AxCA-mMIFAS on Survival Rate in Mice Challenged with BCG and LPS
Mice transfected with AxCA-mMIFS and primed with BCG 7 days before LPS injection had a significantly lower survival rate 48 hours after LPS injection (3%) compared with the survival rate of mice transfected with AxCA-mMIFAS (92%; Fig. 6 ). The mice transfected with AxCA-mMIFAS were more resistant to LPS challenge than mice treated with PBS or with AxCALacZ. Survival rate in mice treated with PBS and transfected with AxCA-LacZ was better than that in mice transfected only with AxCA-mMIFS.
MIF Protein Levels in the Liver
mMIF protein levels in the liver of mice treated with BCG/LPS/AxCA-mMIFS was significantly elevated relative to mice treated with BCG alone (Fig. 7) . In contrast, mMIF protein level in mice treated with BCG/AxCA-mMIFAS or with BCG/LPS/AxCAmMIFAS were significantly reduced compared with that with BCG alone or with BCG/LPS. However, there
Figure 1.
Insertion of murine MIF cDNA into the cassette cosmid. The orientation of MIF cDNA insert in the cosmid was determined by PCR and sequence analysis, and the two cosmid vectors pAxCAwt-MIFS and pAxCAwt-MIFAS were obtained containing forward and reverse inserts of MIF cDNA, respectively.
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was no significant difference in mMIF level between BCG/LPS in the presence or absence of AxCA-mMIFS.
Histologic Examination and Morphometric Analyses
Histologic changes in the liver of mice treated with BCG alone, with BCG/recombinant adenoviruses, with BCG/LPS, or with BCG/LPS/recombinant adenoviruses were assessed. Liver tissues from mice treated with BCG/LPS (Fig. 8B) showed degenerated hepatocytes with vacuoles and marked infiltration of mononuclear cells at necrotic lesion sites compared with those treated with BCG alone (Fig. 8A ). Quantitative analysis of the necrotic area was 19.0 Ϯ 2.3% (n ϭ 3) in the liver treated with BCG/LPS; however, no necrotic area was detected in the liver treated with BCG alone. The necrotic changes in response to BCG/LPS (Fig. 8B) were enhanced in mice transfected with AxCA-mMIFS (Fig. 8E ). This necrotic area was 32.4 Ϯ 2.8% and significantly higher than without AxCAmMIFS. In contrast, the histologic changes induced by BCG/LPS (Fig. 8B) were minimal in liver tissue from mice transfected with AxCA-mMIFAS (Fig. 8F ). This necrotic area was 0.8 Ϯ 0.8% (n ϭ 3) and significantly smaller than those treated with BCG and LPS. No significant necrotic changes were observed in liver tissues treated with BCG alone (Fig. 8A) , with BCG/ AxCA-mMIFS (Fig. 8C) , or with BCG/AxCA-mMIFAS (Fig. 8D) .
Immunohistochemistry
Immunohistochemical staining of F4/80 antigen in livers of mice treated with BCG or BCG and LPS in the presence or absence of recombinant adenovirus was examined. Positive staining of F4/80 antigen was detected in infiltrated mononuclear cells in the livers of Analysis of insert and orientation of recombinant adenoviruses. The length of these PCR products was 512 bp. AxCA-mMIFS and pAxCA-mMIFS showed positive bands with the primer set 2 but not with the primer set 3. However, AxCA-mMIFAS and pAxCA-mMIFAS showed positive bands with the primer set 3 but not with the primer set 2. M, molecular marker. mice in all treatment (Fig. 9 ). The staining intensity in liver treated with BCG/AxCA-mMIFS ( Fig. 9C ) was enhanced compared with BCG/AxCA-mMIFAS (Fig.  9D ). Staining at necrotic lesions was diffuse and distinct in tissues treated with BCG/LPS ( Fig. 9B ) and with BCG/LPS/AxCA-mMIFS (Fig. 9E ). In contrast, the staining of F4/80 antigen was weak in mice treated with BCG/LPS/AxCA-mMIFAS (Fig. 9F ).
Discussion
Several reports have suggested the involvement of various cytokines, including TNF-␣, IL-1␤, and interferon-␥, in the pathogenesis of acute liver failure (Fujioka et al, 1995; Liu et al, 1990; Okamura et al, 1996; Tokushige et al, 2000; Tsutsui et al, 1997) . Within the inflammatory cytokine network, MIF has been implicated as a key molecule functioning as an initiator of glucocorticoids (Bucala, 1996) . However, its precise mechanism of action remains to be elucidated. In the present study, we have shown that treatment with recombinant adenovirus, containing antisense mMIF cDNA, is effective in reducing the mortality rate in BCG-LPS-induced acute liver failure in mice. This is the first report demonstrating the role of MIF in severe inflammatory reaction using antisense MIF technology. In addition, the present data revealed that the level of preformed mMIF in the liver, produced by parenchymal and nonparenchymal cells, may be critical for exacerbating liver damage.
Histologic changes in the animal study showed that BCG-primed LPS stimulation enhanced the infiltration of T lymphocytes into the liver and might play a critical role in the pathogenesis of acute liver failure. We previously reported the use of anti-MIF antibody to prevent liver tissue damage in the same model (Kobayashi et al, 1999) . The data presented here further support the finding that liver tissue damage could be prevented by reducing MIF production in the liver.
Among various vector systems that have been studied, the adenovirus vector proved to be clinically useful because of the simplicity of its preparation and the high efficiency of gene transduction irrespective of tissue type and cell cycle. Our preliminary study showed a high level of ␤-galactosidase activity in the liver tissue taken from mice transfected with AxCALacZ compared with the tissue from other organs (data not shown). This observation was compatible with a previous report showing that more than 90% of recombinant adenoviruses injected in the tail vein MMIF protein level in NIH3T3 cells transfected with AxCA-mMIFS and AxCA-mMIFAS. mMIF protein contents in NIH3T3 cells transfected with AxCA-mMIFS (') and AxCA-mMIFAS (') were determined by ELISA. The numbers of NIH3T3 cells transfected with AxCA-mMIFS (') and AxCAmMIFAS (') were equivalent at confluent culture conditions. Each point represents the mean value of two independent experiments.
Figure 6.
Effect of AxCA-mMIFS and AxCA-mMIFAS on the survival rate in mice primed with BCG and challenged with LPS. Each group of 30 mice received an injection of 2.0 ϫ 10 9 pfu of AxCA-mMIFS, AxCA-mMIFAS, AxCA-LacZ, or PBS (Ca 2ϩ [Ϫ] , Mg 2ϩ [Ϫ])Ϫ10% glycerol buffer in addition to injection of BCG before LPS challenge to examine the effect of AxCA-mMIFS and AxCA-mMIFAS on BCG-LPS-induced acute liver failure. The survival rate at 48 hours after 10 g of LPS injection after 7 days of priming with BCG was significantly high in mice infected with AxCA-mMIFAS (---) compared with the survival rate in mice infected with AxCA-mMIFS (-). The mice infected with AxCA-mMIFAS were more resistant to LPS challenge than mice treated with PBS (-----) and infected with AxCA-LacZ (-⅐ -⅐ -). The mice treated with AxCA-mMIFS were more lethal to LPS challenge than mice with PBS and AxCA-LacZ. p Ͻ 0.001 for difference between AxCA-mMIFAS (n ϭ 30) and AxCA-LacZ (n ϭ 30), AxCA-mMIFAS (n ϭ 30) and AxCA-mMIFS (n ϭ 30). p Ͻ 0.01 for difference between AxCA-mMIFS (n ϭ 30) and AxCA-LacZ (n ϭ 30).
Figure 7.
Effect of AxCA-mMIFS or AxCA-mMIFAS on mMIF levels in the liver tissue from mice treated with BCG and LPS. A, BCG alone; B, BCG/LPS; C, BCG/AxCA-mMIFS; D, BCG/AxCA-mMIFAS; E, BCG/LPS/AxCA-MIFS; F, BCG/ LPS/AxCA-MIFAS. Each point represents the mean value Ϯ SE (n ϭ 7). p Ͻ 0.01 for differences between A and C, A and D, B and F.
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were concentrated in the liver (Peeters et al, 1996) . We revealed that the recombinant adenoviruses containing sense mMIF cDNA efficiently induced mMIF in COS-7 cells, which lack endogenous mMIF. We also determined that recombinant adenoviruses containing antisense mMIF cDNA (AxCA-mMIFAS) suppressed the expression of mMIF protein in NIH3T3 cells, which normally produce high levels of mMIF. mMIF protein level in the liver of mice transfected with AxCAmMIFAS showed a significant reduction of mMIF in response to BCG-primed LPS challenge compared with BCG-primed LPS treatment. The immunohistochemical staining showed that the F4/80 antigens positive macrophages were enhanced in the liver transfected with AxCA-mMIFS, whereas a reduced level of MIF was observed in mice transfected with AxCA-mMIFAS. Staining intensity was strongly correlated with the mMIF protein level in the liver. These data suggest that up-regulation of mMIF leads to enhancement of inflammatory reactions in liver damage.
In an acute liver injury, administration of a small dose of LPS into BCG-primed mice often causes a lethal hepatic injury mimicking fulminant hepatitis in humans. This injury is characterized by a marked infiltration of mononuclear cells such as Kupffer cells, macrophages, and, to a lesser extent, T cells Tanaka et al, 1996; Tsuji et al, 1997) . Administration of anti-MIF antibody into mice primed with BCG serves to protect them from acute hepatic failure perhaps by suppressing TNF-␣ and by preventing the infiltration of T cells (Kobayashi et al, 1999) .
In this study, we found minimal histologic changes in liver treated with BCG and AxCA-MIFS, suggesting that up-regulation of MIF alone in the liver might not be sufficient to induce liver damage. The expression of MIF mRNA in the liver was increased by treatment with BCG or the combination of BCG and LPS. Marked liver tissue damage was apparent after treatment with LPS, suggesting that LPS initiates the release of preformed MIF within the cells and triggers the induction of secondary proinflammatory mediator, such as TNF-␣. This suggests that MIF is not a proinflammatory cytokine that directly affects tissue damage but may activate downstream events associated with inflammatory cascades, leading to tissue injury.
Consistent with this finding is a study demonstrating that anti-MIF antibody reduced MIF/LPS-induced mortality rate in mice (Bernhagen et al, 1993) . Anti-MIF antibody prevented endotoxin-induced liver failure (Kobayashi et al, 1999) perhaps by neutralizing the bioactivity of MIF or by inhibiting the secondary induction of TNF-␣ and IL-1 in monocytes and T cells in response to MIF. This model demonstrated that histologic changes were more prominent in liver tissue than in other organs. This finding suggests that the local pathologic process in the liver may contribute to the enhanced mortality. Cooperativity of MIF and 
TNF-␣ may not always be necessary for exerting proinflammatory action of MIF. Calandra et al (2000) showed that anti-MIF antibody protected TNF-␣ knockout mice from lethal peritonitis induced by cecal ligation and puncture, suggesting a role of MIF independent of TNF-␣ in the pathogenesis of sepsis. Reports from others have suggested that coupled action between MIF and TNF-␣ is critical for severe inflammatory reactions. It was reported that mice lacking MIF gene were more resistant to LPS-induced endotoxin shock (Bozza et al, 1999) . These mice were resistant to the lethal effect of high-dose LPS and had lower plasma levels of TNF-␣ than wild-type mice but have normal levels of IL-6 and IL-10. Furthermore, the role of MIF in the inflammatory reaction, such as response to endotoxin or exotoxin stimuli, has been well demonstrated. Despite the number of reports supporting the inflammatory role of MIF, conflicting results have emerged. MIF-deficient mice responded normally to LPS stimuli and had no phenotype (Honma et al, 2000) . The basis for these discrepancies is not clear. The genetic background of mice and their immunologic redundancy may contribute to these differences. Additional studies, using conditional gene-disrupted mice, are necessary to elucidate the role of MIF.
In addition, that MIF functions as a proinflammatory cytokine has also been argued by a recent report (Kleemann et al, 2000) , which showed that MIF may function in an anti-inflammatory capacity through binding with Jab1. MIF could suppress the biologic function of Jab1, which is a co-activator of AP-1, leading to inflammatory states. It has been hypothesized that there might be two signaling pathways for MIF, one is specific receptor-mediated and the other is by endocytosis (Bucala, 2000) . MIF at a lower dose may function as a proinflammatory cytokine through the receptor-mediated pathway, whereas it works as an anti-inflammatory molecule at higher doses through endocytosis. To the best of our knowledge, it is more likely that MIF may function to enhance inflammatory reactions in vivo according to the available data to date, including our current data using recombinant adenoviruses.
Finally, we revealed the pivotal role of MIF in acute liver failure by transfection of recombinant adenovirus. This finding suggested the possibility that a MIFtargeting strategy may be a good candidate for therapy of acute hepatic damage. Namely, using antisense MIF therapy to block the expression of MIF, ultimately inhibiting the downstream transcription pathways that are essential for inflammatory reaction. Moreover, the recombinant adenoviruses containing antisense MIF gene may contribute to identifying its precise role within the cytokine network and to elucidate the pathogenesis of acute liver failure.
Materials and Methods
Insertion of Murine MIF cDNA into the Cassette Cosmid
The murine full-length wild-type MIF cDNA (456 bp) was excised from the pBluescript II KS (Ϫ) (Stratagene Cloning System, La Jolla, California) containing murine wild-type MIF with EcoRI and HindIII (New England Biolabs, Beverly, Massachusetts). The 456-bp EcoRIHindIII fragments were blunted with T4 DNA polymerase (Takara, Osaka, Japan) and inserted into the SwaI site of pAxCAwt (Takara). The insert of mMIF cDNA and its orientation in the cosmid vector were determined by PCR and sequence analysis. Briefly, 50 ng of cosmid was amplified in TRIS buffer (10 mM Tris-HCl, pH 8.3) containing 50 mM KCl, 1.5 mM MgCl 2 , 1 U of TaqDNA polymerase (Perkin Elmer, Norwalk, Connecticut), 0.1 mM dNTP, and 100 nM of each specific primer pair in a total volume of 25 l. The PCR was carried out for 20 cycles of denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds using a thermal cycler (Model 9600; Perkin Elmer). mMIF.5' (5'-GGGTCACGTAGCTCAGGTCC, position 9 to 28), mMIF.3' (5'-GCCAGGACTCAAGCGAAGGTG, position 428 to 448) and AxCAwt.5' (5'-CAACGTGC-TGGTTGTTGTGCTG, position 1679 to 1700) were used as primers. Primer set 1 (mMIF.5' and mMIF.3') was used for determination of the insert, and the expected size of PCR amplicon was 440 bp. Primer set 2 (AxCAwt.5' and mMIF.3') and primer set 3 (AxCAwt.5' and mMIF.5') were used for the determination of the orientation of inserts, and the expected size of the PCR amplicon was 512 bp. The mMIF.5' was a sense primer, and the mMIF.3' was an antisense primer for mMIF. This PCR amplicon corresponded to nucleotides 9 to 448 of the mMIF cDNA sequence registered in the EMBL data bank (U20156). The AxCAwt.5' was located at the 5' stream of pAxCAwt from the cloning site (Miyake et al, 1996) .
Preparation of Recombinant Adenoviruses
Recombinant adenoviruses were generated by homologous recombination in HEK293 cells (Japan Health Science Foundation, Osaka, Japan) using the constructed cosmids and EcoT22I-digested Ad5-dlX DNA tagged with viral terminal proteins (Takara) (Kiwaki et al, 1996) . Briefly, 8 g of the cosmids and 5 l of the EcoT22I-digested Ad5-dlX DNA were co-transfected into confluent HEK293 cells in a 6-cm tissue culture dish. Transfection was carried out using a calcium phosphate method. Twenty-four hours later, the transfected HEK293 cells were removed from the 6-cm tissue culture dish using 0.5 mM EDTA/PBS and resuspended in 11 ml of DMEM/5% FCS (culture A). Nontransfected HEK293 cells were removed from the 10-cm tissue culture dish and resuspended in 30 ml of DMEM/5% FCS (culture B). One milliliter of culture A and 10 ml of culture B were mixed, and then 100 l of the mixture was subcultured into each well of a 96-well collagen-coated tissue culture plate. The adenoviruses in the completely denatured cells from each well were extracted by cycling through a freeze/ thaw process six times, and the cell debris was removed by centrifugation (the first seed of adenoviruses). An aliquot of 10 l of the first seed of adenoviruses and 0.5 ml of DMEM/5% FCS was added to HEK293 cells in a 24-well collagen-coated tissue culture plate. After the cells were denatured, they were collected by centrifugation and the genomic and viral DNA in the cells was treated with 400 l of lysis solution (0.02 mg/ml Proteinase K, 0.01% SDS, 50 mM Tris-HCl [pH 7.5], 100 mM NaCl, and 10 mM EDTA) for 1 hour at 50°C. They were then extracted with two steps of phenol/chloroform extraction and eluted with 50 l of elution buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, and 20 g/ml RNase A). An aliquot of 1 l of these DNA solutions was used for PCR with the same condition described in "Insertion of Murine MIF cDNA into the Cassette Cosmid" and 15 l then digested with XhoI (New England Biolabs), and gel electrophoresis was performed to check for contamination of unexpected viruses. After several amplification steps, the recombinant adenoviruses were purified and concentrated using two cycles of CsCl step gradients followed by dialysis against PBS in the absence of Ca 2ϩ and Mg 2ϩ containing 10% glycerol buffer as described (Kanegae et al, 1994) . AxCA-LacZ was a gift from Dr. Izumu Saito and amplified and purified as described above.
Titration of Recombinant Adenoviruses
A total of 50 l of DMEM supplemented with 5% FCS was added to each well of a 96-well collagen-coated tissue culture plate, and eight rows of 3-fold serial diluted viruses starting from 10 Ϫ5 dilution were prepared. To each well, a total of 3 ϫ 10 5 HEK293 cells in 50 l of DMEM containing 5% FCS were added. The plate was incubated at 37°C in 5% CO 2 , and 50 l of DMEM containing 10% FCS was added to each well at days 5 and 9. Day 12 was chosen as the end point of the cytotoxic effect. The plate was microscopically examined, and the 50% tissue culture infectious dose was determined as previously described (Kanegae et al, 1994) .
Effect of Recombinant Adenoviruses on Culture Cells
To assess the effect of recombinant adenoviruses, we transfected two cell types, COS-7 (Japan Health Science Foundation, Osaka, Japan) and NIH3T3 (American Type Culture Collection, Manassas, Virginia). COS-7 cells (JCRB 9127) were established from monkey kidney by transformation with an origin-defective mutant of SV40, which codes for wild-type T antigen. NIH3T3 cells (CRL-1658) were derived from murine embryo. Both cells were maintained in DMEM containing 10% FCS, 5% CO 2 at 37°C. Effect of AxCAmMIFS on the induction of mMIF was examined in COS-7 cells that endogenously do not express mMIF. The effect of AxCA-mMIFAS and AxCA-mMIFS on the expression of mMIF was also examined in NIH-3T3 cells that express relatively high amounts of mMIF. Briefly, 5 ϫ 10 5 COS-7 cells were cultured in 1 ml of DMEM containing 10% FCS in a six-well plate for 24 hours at 37°C in 5% CO 2 . Cells were transfected with AxCA-mMIFS from 1 to 20 multiplicity of infection and cultured for 72 hours. Similarly, NIH 3T3 cells (5 ϫ 10 5 cells) were transfected with 1 to 200 multiplicity of infection of AxCA-mMIFAS and cultured for 72 hours under the same condition. After incubation, cells were harvested and lysed with lysis buffer (50 mM Tris-HCl, pH 7.6) containing 150 mM NaCl, 10 mM EGTA, and 0.5% NP-40.
Induction of Acute Liver Failure by BCG-Primed LPS Challenge in Mice Transfected with AxCA-mMIFS or AxCA-mMIFAS
Male Jcl:ICR mice (5 weeks old) were purchased from Japan SLC (Hamamatsu, Japan). They were maintained under pathogen-free conditions and allowed access to food and water ad libitum. Animal research described in this study was carried out in compliance with the Declaration of Helsinki and was conducted with approval by the Animal Experiment Ethics Committee of Hamamatsu University School of Medicine. Mice received an injection of 1 mg/body BCG (Nippon BCG, Tokyo, Japan) and 2.0 ϫ 10 9 pfu recombinant adenovirus containing sense or antisense mMIF cDNA in tail veins. After 7 days, mice received an injection of 10 g/body LPS (Escherichia coli serotype O111:B21; Sigma) in tail veins. The dose of LPS was determined by preliminary experiments in male Jcl:ICR mice that demonstrated a 50% to 60% lethal dose. Survival rate was evaluated for 48 hours after LPS challenge. In a separate series of experiments, mice were killed at various time points, and blood and tissue samples were collected and stored at Ϫ80°C until use.
Preparation of Lysates from Culture Cells and Tissues
The liver tissues obtained 5 hours after LPS injection in PBS containing proteinase inhibitors (50 mM EDTA, 1 mM benzamidine, and 1 mg/ml leupeptin) were homogenized with a Polytron (Kinematica, Lezern, Switzerland) and centrifuged at 12000 ϫg. The transfected cells were harvested 72 hours after transfection and resuspended in the same buffer used as above. The supernatants were removed, and the total amount of protein in these supernatants was measured by BCA methods.
ELISA of mMIF for Lysates from Culture Cells and Tissues
mMIF protein levels in cell lysates and tissue specimens were measured by ELISA as described previously (Mizue et al, 2000) . Briefly, 50 l of PBS containing anti-rat MIF IgG polyclonal antibody (4 mg/ml) was added to each well in a 96-well microtiter plate and incubated for 30 minutes at room temperature. After washing with distilled water, nonspecific binding was blocked with 0.5% BSA in PBS for 20 minutes at room temperature. A total of 100 l of cell or tissue lysates from tissues was added to each well and incubated for 1 hour at room temperature. The plate was washed three times with PBS containing 0.05% Tween-20 (washing buffer), and 50 l of biotinconjugated rabbit anti-MIF antibody was added to each well. After incubation for 1 hour at room temperature, the plate was washed three times with the washing buffer, and the avidin-conjugated goat antirabbit IgG antibody was added to each well and incubated for 15 minutes at room temperature. After washing three times with washing buffer, the bound complex was detected by chromogenic substrate. Ten microliters of the substrate solution contained 8 mg of o-phenylenediamine and 4 l of 30% H 2 O 2 in citrate phosphate buffer (pH 5.0). After incubation for 20 minutes at room temperature, the reaction was stopped with 25 l of 4 N sulfuric acid. The absorbance was measured at 492 nm by a spectrophotometer (Model 3500; Bio-Rad, Hercules, California).
Histologic Examination
Liver tissues were fixed in 10% neutral formalin, embedded in paraffin, and sectioned at 4-m thick. After deparaffinizing, samples were stained with hematoxylin and eosin (H&E).
Morphometric Analysis
Morphometric measurements of liver section stained with H&E were performed using a computer-assisted image analysis system (Bioquant True color Windows Software; Biometrics, Nashville, Tennessee). Three different areas in ϫ50 magnification were randomly selected, and the necrotic field in each area was measured and compared with total area. The average values per liver were determined.
Immunohistochemistry
Immunohistochemical analysis was performed using streptavidin-biotin method according to the manufacturer's protocol (Nichirei, Tokyo, Japan). Briefly, after deparaffinizing, 4-m-thick tissue sections were treated with methanol containing 0.3% hydrogen peroxide for 30 minutes to inactivate endogenous peroxidase. After washing with PBS, sections were incubated with PBS containing 10% rat serum albumin for 30 minutes. An anti-mouse mAb against F4/80 antigen (Serotec, Kidlington, United Kingdom) was used to label macrophages (Austyn and Gordon, 1981) . Tissue sections were then incubated with rat anti-mouse F4/80 antibody (1:100 dilution). After washing with PBS, sections were incubated with biotin-conjugated anti-rat IgG antibody (1:1000 dilution; Chemicon, Temecula, California). After an additional wash with PBS, sections were visualized with 3, 3'-diaminobenzidine tetrachloride containing 0.01% hydrogen peroxide for 2 minutes and counterstained with hematoxylin.
Statistical Analysis
Data were presented as a mean Ϯ SE unless otherwise specified. The survival rates were analyzed using a log-rank test. MIF protein levels in the lysates from cultured cells and tissues were analyzed using MannWhitney U test. All analysis was performed using the computer-assisted Statview program (Abacus Concepts, Berkeley, California), and p Ͻ 0.05 was considered to be significant.
